Since glutathione (GSH), an ubiquitous tripeptide, has been implicated in the protection against oxidative stress (1) , the decrease in cellular GSH level enhances the sus ceptibility of cells to oxidative stress (2) (3) (4) . Thus, the modulation of GSH level in mammalian cells can influence the cytotoxicities induced by several types of oxidative stress. Therefore, it is very important to simul taneously estimate cellular GSH content in individual cells when the cytotoxicity of oxidative stress is evaluated. The combination of a fluorescent probe reactive to cellu lar nonprotein thiols (5), 5-chloromethylfluorescein diac etate (5CMF-DA), with ethidium bromide, which is high ly impermeant to membranes of intact cells (6), may en able the simultaneous estimations of cellular GSH level and cell viability in a cell suspension. In this study per formed with a flow cytometer and confocal laser micro scope, we first studied the properties of 5-chloro methylfluorescein (5CMF) fluorescence in dissociated rat thymocytes to determine if it can be used to estimate the level of cellular GSH by measuring cellular non protein thiols because GSH comprises the majority of nonprotein thiols in most mammalian cells. Secondly, we have examined the effects of hydrogen peroxide (H202), one of biological oxidants, on cell viability and cellular GSH level using a flow cytometer and the combination of 5CMF-DA and ethidium.
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MATERIALS AND METHODS

Preparation
Experiments were performed on the thymocytes dis sociated from thymus glands of 5 to 6-week-old Wistar rats (Nissin, Tokushima). The technique for dissociation of murine thymocytes was a modification of that previ ously described by Chikahisa and Oyama (7). In brief, the thymus glands obtained from the rats were the sliced at a thickness of 300 to 400 ym. Thereafter, the slices were gently trituated in chilled Tyrode's solution to dissociate single thymocytes. Tyrode's solution containing thymo cytes was passed through a mesh (diameter of 53 pm) to remove residues. Dissociated thymocytes were incubated at a temperature of 361C for 45 min at least before use because the membrane potentials of the thymocytes shift ed to a hyperpolarizing direction and reached a steady state level during this period of incubation. Thymocytes were chosen as an experimental model because for fol lowing reasons: First, thymocytes can be dissociated without any enzymatic treatment. Therefore, we can rule out the possibility that enzymatic treatment may cause damage to the cell membrane, resulting in increased sus ceptibility to ethidium. Secondly, dissociated thymocytes were suitable for flow cytometer because of their homo genity in cell type and size.
Photochemical measurements and analysis 5-Chloromethylfluorescein diacetate (5CMF-DA), ethidium bromide, and dihydroethidium were purchased from Molecular Probe, Inc. (Eugene, OR, USA). 5CMF DA was dissolved in dimethyl sulfoxide (Wako Pure Chemicals, Osaka). Ethidium bromide and dihy droethidium were dissolved in distilled water (Otsuka Pharmaceutical Co., Tokushima). Concentrations of the respective stock solutions were 1 mM for 5CMF-DA, 5 mM for ethidium bromide and 10 mM for dihydro ethidium. 5CMF-DA was added into the cell suspen sion to achieve final concentrations of 100 nM to 1 uM. Thymocytes were incubated with 5CMF-DA for 120 min at a temperature of 36V to determine the optimal condi tions for monitoring the 5CMF fluorescence. Ethidium bromide was added into the cell suspension to achieve a final concentration of 2.5 or 5 uM at 2 min, at least, before the measurement of ethidium fluorescence (8). Di hydroethidium at a concentration of 5 or 10 pM was applied to the cells at 20 30 min before the measure ment. The measurements of 5CMF and ethidium fluores cences were done by a flow cytometer (Cyto-ACE 150; Jasco, Tokyo) or a confocal laser microscope (Meridian Instruments Far East, Tokyo). The excitation wavelength for both 5CMF and ethidium was 488 nm produced by an argon laser. In the experiment using a flow cytometer, emissions were detected at a wavelength of 530±20 nm for 5CMF and at 600±20 nm for ethidium, respectively. Fluorescence cytograms (5CMF fluorescence versus ethidium fluorescence) obtained from a programmed number of thymocytes (4000 or 5000 cells) were analyzed by a personal computer (9801 RX; NEC, Tokyo) with the software Jasco Ver.3XX; (Japan Spectroscopic Co., Tokyo). In the case of the confocal laser microscope, the fluorescence was detected at the wavelengths of 530± 15 nm for 5CMF and 605 nm or longer for ethidium. Fluorescence obtained from the thymocytes was analyzed by a computer (Evolution V-Q System; Advanced Logic Research Inc., Irvine, CA, USA) with the software Insight-IQ (Meridian Instruments Far East). Dimethyl sulfoxide as a solvent for 5CMF-DA at the concentrations of 0.101o or less did not affect the measurements of 5CMF and ethidium fluorescences. 
Biochemical assay of cellular nonprotein thiols
The level of nonprotein thiols was biochemically deter mined in aliquots of the same cell suspension as those analyzed by flow cytometer. An adequate volume of cell suspension was rapidly centrifuged and precipitated. The cell preparation was treated with 10010 trichloroacetic acid (TCA) and then homogenized. Thereafter, the super natant (TCA extract) was treated with diethylether. After evaporating diethylether, the supernatant was assayed by spectrophotometry at 412 nm with dithio-bis-nitroben zoic acid (DTNB; Sigma Chemical Co., St. Louis, MO, USA) by the DTNB-glutathione reductase recycling method. The level of nonprotein thiols was determined by comparison with a standard curve using different concen trations of GSH. 
RESULTS
Optimum concentration of 5CMF-DA and incubation time for monitoring the 5CMF fluorescence of living cells As shown in Fig. 1 , the 5CMF fluorescence of individ ual thymocytes increased in a time-dependent manner and attained the peak level within 30 min after applying 1 ,uM 5CMF-DA. The fluorescence intensity was practically constant during the next 30 min. Thereafter, the 5CMF fluorescence started to attenuate around 60 min after ap plication of 5CMF-DA. Therefore, the measurement of 5CMF fluorescence was done at 30 60 min after the ap plication of 5CMF-DA when a large population (4000 or 5000 cells) of thymocytes was examined by a flow cytom eter. As to the concentrations of 5CMF-DA applied into the cell suspension, a dose-dependent change in the mean intensity of the 5CMF fluorescence histogram is shown in Fig. 2 . The histogram of 5CMF fluorescence was distinct ly different from the control histogram (no fluorescent dye) as shown in Fig. 2 when the concentration of 5CMF-DA was 1 pM. The concentration suitable for monitoring 5CMF fluorescence was assumed to be 1 pM or greater. Figure 3 shows the 5CMF fluorescence of a single thymocyte incubated with 1 pM 5CMF-DA for 45 min. There was a heterogeneous distribution of 5CMF fluorescence within a single thymocyte. The region with higher intensity of SCMF fluorescence was around the nucleus as indicated by the following observation: When thymocytes were incubated with 1 pM 5CMF-DA and 10 pM dihydroethidium, which was oxidized to ethidium, a nuclear stain that fluoresced upon DNA intercalation (6), a higher intensity of ethidium fluorescence was observed Effects of the agents affecting cellular thiol levels on 5CMF fluorescence of living cells Nonprotein thiols were chemically depleted by incu bating the thymocytes with 5 mM diethylmaleate (DEM) for 4 hr prior to staining with 5CMF-DA (9). As shown in Fig. 5 , DEM greatly attenuated the mean intensity of 5CMF fluorescence to 0.23±0.06
(mean±S.D. of 9 experiments), relative to the control. This change in the 5CMF fluorescence was significant (P<0.01). N Ethylmaleimide (NEM) at a concentration of 100 ,uM was used to block the total thiols in the thymocytes (9). Pretreatment of the thymocytes with 100 pM NEM for 60 min greatly diminished the 5CMF fluorescence. The mean intensity of 5CMF fluorescence in the presence of 100 pM NEM was 0.10±0.03 (mean±S.D.
of 9 experiments). Since NEM decreased the intensity of 5CMF fluorescence more profoundly than DEM, it is likely that 5CMF fluorescence partly reflects the component of protein thiols. A specific decrease in cellular GSH level was produced by the pretreatment with 30 mM buthionine sulfoximine (BSO), an inhibitor of gamma-glutamyl cysteine synthetase (9). Incubation of thymocytes with 30 mM BSO for 4 hr also produced a significant decrease in the intensity of 5CMF fluorescence (Fig. 5) . The relative intensity was 0.61±0.16 (mean±S.D.
of 9 experiments) after the treatment with BSO, although the incubation of the cells with BSO for 24-72 hr was required for produc ing a complete depletion of cellular GSH (10). Because it was considered that the 5CMF fluorescence obtained from the thiol groups of soluble cellular components in cluding GSH could be diminished after membrane dis ruption, the effect of digitonin on thymocytes was exam ined. The relative intensity of 5CMF fluorescence greatly reduced to 0.05±0.01 (mean±S.D.
of 3 experiments) at 2-3 min after the application of 50 pM digitonin (Fig.  5) .
Correlation between cytotoxicity and 5CMF fluorescence in the presence of hydrogen peroxide Hydrogen peroxide was used to see if dual measure ment of 5CMF and ethidium fluorescences simultaneous ly can evaluate its effects on cell viability and the cellular GSH level. Hydrogen peroxide can be catabolized by glutathione peroxidase and GSH. It was considered that excessive application of hydrogen peroxide reduced the cellular GSH level and cell viability. Figure 6 shows the effects of 3 mM hydrogen peroxide on the fluorescence cytogram (5CMF fluorescence versus ethidium fluores cence) obtained from 5000 thymocytes. Treatment of thymocytes with 3 mM hydrogen peroxide for 4 hr greatly decreased the mean intensity of 5CMF fluorescence and increased the number of cells stained with ethidium (Fig.  6) . Dose-dependent effects of hydrogen peroxide (10 pM to 3 mM) on the mean intensity of 5CMF fluorescence and cell viability are summarized in Fig. 7 . The mean intensity of 5CMF fluorescence was dose-dependently decreased by hydrogen peroxide at concentrations ranging from 10 pM to 3 mM. The relative intensity of 5CMF fluorescence was below the level produced by the pretreatment with 5 mM DEM when the thymocytes were incubated with hydrogen peroxide at concentrations of 300 pM or greater. Since the cell viability decreased in a dose-dependent manner when the concentrations of hydrogen peroxide were greater than 100 pM (Fig. 7) , the cell viability seems to be greatly affected after the com plete depletion of cellular GSH. 
Comparison with biochemical assay of nonprotein thiols
One may ask whether flow cytometric measurement of nonprotein thiols using 5CMF fluorescence is correlated with the biochemical determination of nonprotein thiols. As shown in Fig. 8 , there is good correlation (correlation coefficient=0.965) between the fluorescence intensity measured from the cells stained with 5CMF-DA and the content of nonprotein thiols, as measured biochemically. Therefore, it is clear that the intracellular level of non protein thiols can be assayed by a flow cytometer and the means of fluorescent staining with 5CMF-DA.
DISCUSSION
Properties of 5CMF fluorescence GSH is the most abundant nonprotein thiol in most mammalian cells and its cellular concentration is typically in the millimolar range. The fact that GSH comprises the majority of cellular nonprotein thiols means that a large part of 5CMF fluorescence represents the cellular content of GSH. DEM which is used to chemically deplete the cellular GSH greatly attenuated the 5CMF fluorescence (Fig. 5) . Although the 5CMF fluorescence of thymocytes still remained after treatment with DEM, the mean inten sity of 5CMF fluorescence after treatment with DEM was much less than that of the control. NEM produced a fur ther attenuation of the 5CMF fluorescence (Fig. 5) . NEM depletes both protein thiols and nonprotein thiols of the cells. It is likely that 5CMF fluorescence partly represents protein thiols, although a large part of 5CMF fluores cence reflects the cellular level of non-protein thiols (mainly GSH). Therefore, the intracellular levels of GSH can be estimated from 5CMF fluorescence under the fol lowing conditions: First, the intensity of 5CMF fluores cence of the cells pretreated with DEM should be shown to be essentially the same as the fluorescence level after chemical depletion of GSH (Figs. 5 and 7) . Second, the control intensity of 5CMF fluorescence should be always monitored during the experiment because the intensity of 5CMF fluorescence started to decrease around 60 min or longer after the addition of 5CMF-DA to the cell suspen sion (Fig. 1) .
Dual measurement of 5CMF and ethidium fluorescences GSH plays ubiquitous and important roles in the pro tection against cytotoxic effects of chemotheraputic agents and reactive oxygen species (1) . Therefore, it is important to simultaneously estimate the cell viability and the cellular content of GSH for examining such cytotoxic effects in some cases. As shown in Figs. 6 and 7, the dual measurement of 5CMF and ethidium fluorescences seems to provide information about cell viability and the cellu lar content of GSH. 5CMF-DA is a membrane-permeable esterase substrate that is converted to 5CMF by an in tracellular esterase in live cells. After treatment of the cells with digitonin, which releases soluble cytosolic markers by membrane disruption (11), the 5CMF fluo rescence was greatly diminished (Fig. 5) . Therefore, the 5CMF fluorescence can be used to determine the live cells. Ethidium is highly impermeant to the intact membrane of live cells (6). Following membrane disruption, ethidium diffuses into the cell, resulting in an augmented fluores cence of ethidium. Therefore, when membranes are com promised, the fluorescence cytogram exhibits both an in crease in the number of thymocytes stained with ethidium (presumably dead or damaged cells) and a decrease in the number of those stained with 5CMF-DA (live cells) (Fig.  6 ). Reduction of cellular GSH level precedes lipid peroxi dation, cell injury or cell death when oxidative stress is involved (12, 13). In this study, as shown in Fig. 7 , the concentration of hydrogen peroxide inducing the loss of cell viability was much higher than that causing a great reduction of 5CMF fluorescence (presumably depletion of cellular GSH). Therefore, the dual measurement of 5CMF and ethidium fluorescences offers a valuable tech nique for examining cytotoxicity (cell viability) and the cellular GSH level in live cells.
